Takahashi, M., Y. Sugiuchi, Y. Izawa, and Y. Shinoda. Commissural excitation and inhibition by the superior colliculus in tectoreticular neurons projecting to omnipause neuron and inhibitory burst neuron regions. J Neurophysiol 94: 1707-1726, 2005. doi:10.1152/jn.00347.2005. Previous electrophysiological studies have shown that the commissural connections between the two superior colliculi are mainly inhibitory with fewer excitatory connections. However, the functional roles of the commissural connections are not well understood, so we sought to clarify the physiology of tectal commissural excitation and inhibition of tectoreticular neurons (TRNs) in the "fixation " and "saccade " zones of the superior colliculus (SC). By recording intracellular potentials, we identified TRNs by their antidromic responses to stimulation of the omnipause neuron (OPN) and inhibitory burst neuron (IBN) regions and analyzed the effects of stimulation of the contralateral SC on these TRNs in anesthetized cats. TRNs in the caudal SC (saccade neurons) projected to the IBN region, and received mono-or disynaptic inhibition from the entire rostrocaudal extent of the contralateral SC. In contrast, TRNs in the rostral SC projected to the OPN or IBN region and received monosynaptic excitation from the most rostral level of the contralateral SC, and mono-or disynaptic inhibition from its entire rostrocaudal extent. Among the rostral TRNs with commissural excitation, IBN-projecting TRNs also projected to Forel's field H (vertical gaze center), suggesting that they were most likely saccade neurons related to vertical saccades. In contrast, TRNs projecting only to the OPN region were most likely fixation neurons. Most putative inhibitory neurons in the rostral SC had multiple axon branches throughout the rostrocaudal extent of the contralateral SC, whereas excitatory commissural neurons, most of which were rostral TRNs, distributed terminals to a discrete region in the rostral SC.
I N T R O D U C T I O N
The superior colliculus serves to orient an animal to a target in the opposite visual hemifield. Commissural connections between the bilateral superior colliculi (SCs) are known to help maintain visual fixation and suppress saccades. Sprague (1966) showed that after transection of the commissure between the SCs, cats once again visually oriented to objects in a hemifield that had been made blind by prior ablation of the occipitotemporal cortex. This outcome, called the Sprague effect, suggests that the commissural connection of the SC may play an important role in visual-orienting behavior, and may mediate mutual suppression between the two SCs to prevent competing responses in the opposite direction. Later electrophysiological studies confirmed the inhibitory nature of the commissural tectotectal projection. Extracellular recording of local field potentials or single-cell activity showed that visual responses in the superficial layers of the SC are inhibited by stimulation of the contralateral SC (Goodale 1973; Hoffmann and Straschill 1971; Mascetti and Arriagada 1981; Robert and Cuénod 1969) . Similarly, tectal output neurons related to saccadic eye movements were found to be inhibited during ipsiversive orienting movements (Infante and Leiva 1986; Peck 1990) or by electrical stimulation of the contralateral SC (Munoz and Istvan 1998) . With regard to these physiological studies, the anatomical features of commissural connections between the two SCs have been examined extensively (Behan and Kime 1996a; Edwards 1977; Fish et al. 1982; Grantyn and Grantyn 1982; Magalhães-Castro et al. 1978; Moschovakis and Karabelas 1985; Olivier et al. 1998; Rhoades et al. 1986; Yamasaki et al. 1984) .
The existence of a direct inhibitory connection between the two SCs was demonstrated by intracellular recordings of inhibitory postsynaptic potentials (IPSPs) from tectal cells in response to electrical stimulation of the contralateral SC. These IPSPs had a latency consistent with a monosynaptic inhibitory commissural connection (Maeda et al. 1981; Moschovakis and Karabelas 1982) . Consistent with these physiological observations, Appell and Behan (1990) found that commissural cells constitute a major source of GABAergic projection to the contralateral SC in the cat. On the other hand, electrophysiological studies in tectal neurons have shown that stimulation of the contralateral SC evokes very small excitatory postsynaptic potentials (EPSPs) at a monosynaptic latency followed by larger monosynaptic IPSPs (Maeda et al. 1981; Moschovakis and Karabelas 1982) , suggesting that there is an excitatory component of the tectotectal pathway. Through the use of an electron microscopic technique, tectotectal synaptic terminals were found to be heterogeneous, suggesting the existence of both excitatory and inhibitory commissural neurons (Behan 1985) . Recently, using a double-labeling method, Olivier et al. (2000) clearly demonstrated that some tectotectal neurons contained glutamate, whereas others contain ␥-aminobutyric acid (GABA), and that almost equal numbers of the two tectotectal populations are present. This finding of equal numbers of GABAergic and glutamatergic tectotectal cells somewhat contradicts previous findings because they invariably indicated that the tectotectal projection was predominantly inhibitory.
Recent studies have suggested that there are two zones in the SC: the rostral fixation zone (Guitton 1991; Guitton 1989, 1991; Munoz and Istvan 1998; Munoz and Wurtz 1992 , 1993a ,b, 1995 Paré and Guitton 1994; Peck and Baro 1997) and the caudal saccade zone Guitton 1989, 1991; Munoz and Istvan 1998; . In relation to this suggestion, our recent intracellular analysis of collicular inputs to omnipause neurons (OPNs) and excitatory (EBNs) and inhibitory burst neurons (IBNs) revealed that TRNs in the caudal SC projected to the contralateral EBNs and IBNs, whereas TRNs in the rostral SC projected to the OPN region (Izawa et al. 1999; Sugiuchi et al. 2005; Takahashi et al. 2005) . IBNs receive strong disynaptic inhibition from the caudal "saccade zone" of the ipsilateral SC and strong monosynaptic excitation from the caudal "saccade zone" of the contralateral SC. These reciprocal inputs supplied by the two SCs at the level of EBNs and IBNs serve to prevent the inappropriate antagonistic action of the brain stem circuit for generating horizontal saccades (Izawa et al. 1999; Sugiuchi et al. 2005) . On the other hand, IBNs receive strong disynaptic inhibition from the rostral "fixation zones" of the two SCs by OPNs in the nucleus raphe interpositus ). This inhibitory effect on IBNs and probably also EBNs by OPNs may serve to prevent unnecessary saccades to unexpected targets during visual fixation.
In these previous studies, stimulation of the rostral SC on each side evoked IPSPs in IBNs at latencies of 1.3-2.8 ms, which suggests that these IPSPs were disynaptic and trisynaptic . To explain the inhibition in an IBN evoked bilaterally by stimulation of the rostral SC, there are two possible pathways: by contacting OPNs, TRNs in both SCs may independently inhibit the same IBN, or TRNs on one side of the SC may inhibit an IBN by way of OPNs, and these TRNs may in turn be activated by the opposite SC. Experiments in our previous study, which used surgical cuts made in the brain stem, ensured the existence of the former independent pathways, but did not exclude the possibility of the latter pathway . There are two possible pathways whereby TRNs could be activated by stimulation of the opposite SC: commissural excitation of the TRNs and antidromic activation of commissural axon collaterals of the TRNs. It is still unclear how TRNs in the "fixation zone" and the "saccade zone" of the SC are influenced by commissural inputs from the contralateral SC.
The present study was performed to determine whether TRNs that project to different targets in the brain stem receive excitatory or inhibitory inputs from the contralateral SC, and to understand how commissural connections between the two SCs function to maintain visual fixation and to generate and suppress saccades in the cat. Using intracellular recording combined with electrical stimulation of the SC, we showed that TRNs in the caudal "saccade zone" mainly received monosynaptic inhibition from the contralateral rostral SC and mono-or disynaptic inhibition from its caudal part, whereas TRNs in the rostral SC received monosynaptic excitation from the contralateral rostral SC, and mono-or disynaptic inhibition from all rostrocaudal levels of the contralateral SC. The latter population in the rostral SC contained TRNs that projected to the OPN region and TRNs that projected to both the IBN region and the nucleus of the field of Forel (FFH). The functional roles of commissural excitation and inhibition in these different groups of TRNs and non-TRN commissural neurons will be discussed.
M E T H O D S
Experiments were performed in 15 cats weighing 2.7-4.5 kg. Animal experimentation was conducted in accordance with the "Policies on the Use of Animals and Humans in Neuroscience Research" revised and approved by the Society for Neuroscience in 1995, and the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" (The Physiological Society of Japan, revised in 2001). The experimental protocol was approved by the Animal Care Committee of Tokyo Medical and Dental University. The animals were initially anesthetized with ketamine hydrochloride (Ketalar, Parke-Davis; 25 mg /kg, intramuscular) followed by ␣-chloralose (40 -45 mg/kg, intravenous [iv] , initial dose, supplemented with additional doses of 10 -25 mg/kg, iv throughout the remainder of the experiment). During recording, the animals were paralyzed by the intravenous administration of pancuronium bromide (Mioblock, Organon, Oss, The Netherlands), and artificially ventilated with end-tidal CO 2 held at 35-40 mmHg. The heart rate was constantly monitored by an electrocardiogram. The body temperature was kept at 37.0 -38.5°C by a heating pad. The abducens nerve was detached from the muscle and mounted on a bipolar hook electrode for electrical stimulation. The bone over the parietal and occipital cortex was removed, and the cerebral cortex was removed bilaterally by suction to allow the introduction of stimulating electrodes into the right SC and recording electrodes into the left SC under direct visual observation. Usually, four concentric bipolar stimulating electrodes (inner diameter and outer diameter, 0.1 and 0.3 mm; interelectrode distance along the longitudinal axis, 0.5 mm) were arranged rostrocaudally at 1.0-to 1.2-mm intervals along the presumed horizontal meridian of the motor map in the SC on the right side (McIlwain 1986) . For antidromic activation of TRNs in three experiments, four concentric bipolar stimulating electrodes were placed on each side in the SC and two concentric bipolar electrodes of the same type were placed on each side in the FFH. The tips of the SC electrodes were positioned in the intermediate or deep layer (1.5-2.0 mm deep from the surface) (Izawa et al. 1999; Kawamura and Hashikawa 1978; Moschovakis and Karabelas 1985) .
The vermis overlying the fourth ventricle was removed by suction to facilitate the placement of stimulating electrodes or intraaxonal recording from axons of TRNs in the OPN region and the IBN region. We first identified the location of the abducens nucleus by locating antidromic field potentials following electrical stimulation of the sixth nerve (Maeda et al. 1971; Shinoda and Yoshida 1974) . Then, stimulating sites in the OPN (Büttner-Ennever et al. 1988; Curthoys et al. 1981; Evinger et al. 1982) and IBN regions (Hikosaka and Kawakami 1977; Hikosaka et al. 1978) were determined relative to the abducens nucleus . For antidromic identification of TRNs projecting to the OPN region and the IBN region, separate electrode arrays were placed in the right OPN and IBN regions contralateral to the recording site in the SC. These electrode arrays consisted of four monopolar electrodes (100 m in diameter) insulated except at the tip, which were glued together around a pillar, so that the tips of the four electrodes were arranged dorsoventrally at 1-mm intervals. For stimulation of the IBN region, one electrode array was placed 0.8 mm lateral to the midline and 0.5-1.0 mm caudal to the caudal border of the abducens nucleus. For stimulation of the OPN region, the other electrode array was placed 0 -0.3 mm lateral to the midline and 0.3-1.0 mm rostral to the rostral border of the abducens nucleus. Stimulus currents were delivered between two adjacent tips, and the pillar was grounded to reduce stimulus artifacts. Negative pulses of 0.2-ms duration were delivered at Ͻ500 A for stimulation of the SC, the FFH, and the OPN and IBN regions. Ranck (1975) estimated the effective current spread of 1.0 -1.5 mm around an electrode tip by monopolar stimulation at 500 A (200-s-duration pulse) in the mammalian CNS. Because we used bipolar stimulation, the effective current spread should be much less than the estimated values by Ranck (1975) (Shinoda et al. 1977) . Sasaki et al. (1970 Sasaki et al. ( , 1972 estimated that 500 A could not activate fibers or cells beyond 1.0 mm from an electrode tip, when a concentric bipolar electrode was used. The positions of the stimulating electrodes in the brain stem were marked by passing negative currents of 20 A for 20 s after each experiment, and the stimulated sites in the SC, the OPN and IBN regions, and the FFH were histologically confirmed on sections stained with thionine. Histological examination showed that the distance between a stimulating electrode in the IBN region and the presumed caudal border of the OPN region was about 2.0 mm (1.5-2.5 mm) in each experiment. Glass microelectrodes for intracellular recording were filled with 0.4 M KCl or 2 M K-citrate and had a resistance of 10 -15 M⍀.
R E S U L T S
To determine the properties of commissural inputs from the contralateral SC to TRNs that project to different sites in the brain stem, we recorded intracellular potentials from TRNs in the rostral and caudal parts of the SC and examined the effects of electrical stimulation of four sites located rostrocaudally at approximately equal intervals along the presumed horizontal meridian of the motor map (McIlwain 1986) of the contralateral SC in the cat. All lateralities in the present paper are described with reference to the recording site, if not stated otherwise.
Antidromic identification of TRNs projecting to the OPN and IBN regions
TRNs in the caudal part of the SC are known to project to EBNs in the contralateral paramedian pontine reticular formation (PPRF) (Grantyn and Grantyn 1982; Izawa et al. 1999; Moschovakis et al. 1988; Scudder et al. 1996; Sugiuchi et al. 2005) and IBNs in the paramedian pontomedullary reticular formation (PPMRF) (Grantyn and Grantyn 1982; Grantyn et al. 1987; Olivier et al. 1993; Scudder et al. 1996) , and these TRNs are mainly responsible for the generation of saccades (Gandhi and Keller 1999; Munoz and Istvan 1998) . On the other hand, TRNs in the rostral part of the SC are known to be involved in visual fixation (Guitton 1991; Guitton 1989, 1991; Wurtz 1993a,b, 1995; Peck 1989 ) and project to OPNs (Büttner-Ennever et al. 1988; Gandhi and Keller 1997; Langer and Kaneko 1990; Paré and Guitton 1994; Raybourn and Keller 1977; Sugiuchi et al. 2005; Takahashi et al. 2005) . Therefore we tried to analyze the properties of commissural inputs onto these two groups of TRNs. To determine the projection sites of TRNs in the brain stem, we recorded intracellular potentials from cell bodies of TRNs in the left SC and identified TRNs that projected to different sites in the brain stem by their antidromic responses to stimulation of the contralateral OPN and IBN regions (Fig. 1A) . For this purpose, we stimulated three dorsoventral sites in the OPN region (Fig. 1D ) and three dorsoventral sites in the IBN region (Fig. 1E) on the right side. Intracellular recordings were made from 95 TRNs, but 23 of them could not be used for analysis of synaptic potentials because of quick spontaneous diffusion of Cl Ϫ from the recording electrode into the cells. Therefore the remaining 72 TRNs were used for the present analysis. Their resting membrane potentials ranged from Ϫ45 to Ϫ70 mV (mean Ϯ SD, Ϫ54 Ϯ 18 mV, n ϭ 72).
TRNs were classified into two groups according to their projection sites in the brain stem: a group of TRNs that projected to the OPN region and the other group that projected to the IBN region. Figure 1F shows a typical example of intracellular records from a TRN in the caudal SC. Spikes were evoked at latencies of 0.3-0.4 ms by stimulation of the contralateral OPN region (Fig. 1F , 5-7) and at latencies of 0.5, 0.7, and 1.1 ms by stimulation of the contralateral IBN region (Fig.  1F, 8 -10 ). These spikes were considered to be antidromically activated because they were evoked in an all-or-none manner at constant thresholds and their latencies were short and fixed. Usually, latencies of antidromic spikes from the OPN region were shorter by 0.1-0.3 ms than those from the IBN region. This latency difference was attributed to the fact that stimulation in the OPN region activated passing tectoreticular axons projecting to the IBN region.
In support of this interpretation, the latencies of the antidromic spikes in a TRN were very similar at three sites in the OPN region (within 0.1-ms difference) (Fig. 1F , 5-7) because the passing stem axon was activated there. Furthermore, this neuron was antidromically activated at different latencies (0.5, 0.7, and 1.1 ms) by stimulation of the three different sites (Fig.  1, B, 8 -10 and E, 8 -10) in the IBN region (Fig. 1F, 8 -10 ), suggesting that the stimulus activated thin TRN axon collaterals ramifying in the IBN region, and most probably terminating there. Therefore TRNs that were antidromically activated from the OPN and IBN regions were considered to project to the IBN region. Such IBN-projecting TRNs as in Fig. 1F were found at all rostrocaudal levels of the SC, and the latencies of the antidromic spikes in TRNs of the caudal SC that were activated from the IBN region ranged from 0.5 to 1.2 ms (0.8 Ϯ 0.2 ms, n ϭ 47) (see Fig. 5Ab ).
In a similar way, we identified TRNs that projected to the OPN region based on their antidromic responses to stimulation of the OPN region and by the absence of antidromic responses to stimulation of the IBN region (see such examples in Fig. 4 ). Some TRNs were antidromically activated at different latencies by stimulation of different sites in the OPN region (see an example in Fig. 4E ), suggesting that such TRNs had axon collaterals ramifying in the OPN region, and most probably terminating there. TRNs projecting to the OPN region were found only in the rostral one-fourth of the SC and the latencies of their antidromic spikes evoked from the OPN region ranged from 0.4 to 2.0 ms (1.0 Ϯ 0.4 ms, n ϭ 26) (see Fig. 5Da ). The effective current spread of 500 A was estimated to be about 1.0 mm, when a concentric bipolar electrode was used (Sasaki et al. 1970 (Sasaki et al. , 1972 . Such neurons that were activated antidromically from the IBN region were always activated from the OPN region at Ͻ500 A. This observation ensured that stimulation of the OPN region at this intensity well covered the tectoreticular tract. On the other hand, the possibility of inadvertent current spread from a stimulating electrode in the IBN region to axons in the OPN region could be excluded because the distance between the stimulating electrode and the presumed caudal border of the OPN region was about 2.0 mm (1.5-2.0 mm) in each experiment. An analysis of commissural inputs to these different groups of TRNs revealed that the properties of synaptic inputs from the contralateral SC to TRNs in the rostral and caudal parts of the SC were different. Accordingly, we will first describe the properties of commissural inputs from the SC to caudal TRNs and then to rostral TRNs.
Commissural effects of the SC on TRNs in the caudal SC
To analyze the properties of commissural inputs from the contralateral SC to TRNs in the caudal SC, we recorded intracellular potentials from the caudal part of the left SC and stimulated the right OPN region, the right IBN region, and four rostrocaudal sites in the right SC, as shown in Fig. 1A . Figure  2 , A-C shows a typical example of commissural input to a caudal TRN. In this caudal TRN, antidromic spikes were evoked by stimulation of the right OPN region ( Fig. 2A, 5 ) and also the right IBN region ( Fig. 2A, 8 ). Therefore this neuron was considered to be a TRN that projected to the contralateral IBN region. Stimulation of all four rostrocaudal sites in the contralateral SC evoked large hyperpolarizations at 500 A (Fig. 2B) . To determine whether these hyperpolarizations were IPSPs or disfacilitation attributed to a decrease in EPSPs, we iontophoretically injected Cl Ϫ into the cell. After the injection of Cl Ϫ , hyperpolarizing potentials were changed to large depolarizing potentials, indicating that these hyperpolarizations were inhibitory postsynaptic potentials (IPSPs) (Coombs et al. 1955; Eccles 1964 ). This input pattern from the contralateral SC was usually observed in most TRNs in the caudal SC. With respect to the IPSPs, generally their amplitudes were larger, their latencies were shorter, and the slopes of their falling phase were steeper, when more rostral sites were stimulated (Fig. 2B) . We determined the onsets of IPSPs by superimposing IPSPs on their corresponding field potentials recorded just outside the penetrated cells or by superimposing the IPSPs on reversed depolarizing potentials after Cl Ϫ injection into the cells. The latencies of the IPSPs from sites 1-4 in the contralateral SC were 1.0, 1.1, 1.4, and 1.7 ms, respectively (Fig.  2B, 1-4) . The latencies of antidromic spikes of putative inhibitory commissural neurons (see Tectal neurons mediating commissural excitation or inhibition) evoked by stimulation of the contralateral SC were 0.3-1.2 ms (see Fig. 10, C-F) . Therefore the IPSPs evoked at sites 1 and 2 were safely considered to be monosynaptic, and those evoked at site 4 appeared to be disynaptic (Fig. 2B) .
To confirm that the commissural inhibition is caused by intratectal neurons rather than inputs from outside the SC, we tested whether the monosynaptic IPSPs evoked from the contralateral SC were facilitated by preconditioning stimulation of the same SC site. Taking advantage of the large reversed IPSPs, we examined whether temporal facilitation of the commissural inhibition occurred, using double-pulse stimuli at a weak intensity (Fig. 2C ). Single-pulse stimulation of site 2 at 90 A evoked tiny reversed IPSPs (Fig. 2Ca) . Stimulation with double pulses of 1.5-ms interval at the same intensity and the same site evoked larger reversed IPSPs (Fig. 2Cb ) than the IPSPs evoked by single-pulse stimulation (Fig. 2Ca ). Therefore this result indicated the presence of temporal facilitation of the commissural inhibition. The latency of the facilitated IPSPs was 1.2 ms and that of the IPSPs evoked at 500 A in the same cell was 1.1 ms, indicating that the facilitated inhibition was monosynaptic from the contralateral SC. This temporal facilitation of monosynaptic IPSPs could occur only when cell bodies and their presynaptic fibers, but not passing fibers or recurrent axons, were activated around a stimulating site (Jankowska et al. 1975; Shinoda et al. 1976 Shinoda et al. , 1982 Shinoda et al. , 1987 Sugiuchi et al. 2005 ).
As shown in this example, the commissural inhibition was usually stronger from the most rostral SC site. However, in other TRNs examined, the strength of this inhibition was almost equal from individual rostrocaudal sites of the contralateral SC. Such an example is shown in Fig. 2 , D-F. In this caudal TRN, stimulation of four rostrocaudal SC sites evoked IPSPs of similar large amplitudes and with short latencies at 500 A (Fig. 2E ). The latencies of the IPSPs were 1.1-1.2 ms, and therefore the IPSPs evoked at all four sites were considered to be monosynaptic. These IPSPs were still evoked at 150 A (Fig. 2F ), but their amplitudes were smaller and the slopes of the falling phase were slower than at 500 A. With a decrease in the stimulus intensity, monosynaptic inhibition was still evoked at site 4 in this TRN (Fig. 2F, 4) , indicating that at least some inhibitory commissural neurons must exist in the caudal (4) for E, and 1.3 (1), 1.4 (2), 1.2 (3), and 1.2 ms (4) for F. Note that the amplitudes, latencies, and slopes of the falling phases of individual IPSPs evoked from the 4 sites at the same intensities were similar in this TRN. Scales in E also apply to F.
SC. In brief, we examined commissural input to 28 TRNs in the caudal SC. All of them projected to the contralateral IBN region, and received commissural inhibition from all four rostrocaudal sites of the contralateral SC. In nearly 60% of TRNs, the commissural inhibition tended to be stronger and mainly monosynaptic from the most rostral SC stimulating site, and disynaptic from the most caudal SC stimulating site. This inhibition was almost equally strong and monosynaptic from both the rostral and caudal SC in the remaining 40% of the TRNs tested even at lower stimulation strengths (100 -200 A).
To compare the nature of commissural inhibition in TRNs located in different rostrocaudal sites in the SC, we recorded intracellular potentials from cells along the presumed horizontal meridian of the motor map (McIlwain 1986) . Figure 3 shows a typical example of commissural inhibition on four TRNs located in different rostrocaudal sites of the SC in one cat. These TRNs were antidromically activated from the contralateral IBN region (not illustrated). All of the TRNs received commissural inhibition from the four rostrocaudally distributed sites in the contralateral SC. In each TRN, the slopes of the falling phase of IPSPs were steeper and the amplitudes of the IPSPs were usually larger, when more rostral sites were stimulated. In the most rostral TRN (Fig. 3Ba ), small EPSPs preceded the IPSPs evoked from rostral stimulation sites (Fig. 3Ba , 1 and 2), but in the other TRNs, only IPSPs were apparent. For each TRN, the IPSPs were largest and their latencies, which ranged from 0.7 to 1.2 ms, were shortest when the most rostral site was stimulated in the contralateral SC. This indicates that all four of these TRNs received monosynaptic inhibition from the most rostral SC. This finding also suggested that inhibitory commissural neurons might be distributed with higher density in the rostral part of the SC. However, because many TRNs received monosynaptic inhibition from the more caudal SC, a few inhibitory commissural neurons must also be located in the caudal SC. In addition, TRNs tended to receive longer-latency inhibition from more caudal SC levels that was often disynaptic. Therefore it is highly likely that this late inhibition was mediated by rostral inhibitory commissural neurons that were orthodromically activated from the more caudal SC.
Commissural effects of the SC on TRNs in the rostral SC
To specifically examine commissural input patterns in TRNs of the rostral SC, we recorded intracellular potentials from TRNs in the left rostral SC and examined the effects of stimulation of four rostrocaudal sites of the contralateral SC on these TRNs in the same way as shown in Fig. 2 . In the rostral SC, TRNs were classified into two types with regard to their projection to the brain stem: TRNs that projected to the OPN region and those that projected to the IBN region. Among 44 TRNs examined in the rostral one-fourth of the SC, 31 TRNs were antidromically activated from both the OPN and IBN regions, whereas the other 13 TRNs were activated only from the OPN region, but not from the IBN region. We will describe commissural inputs to these two types of rostral TRNs separately.
The effects of stimulation of the contralateral SC in TRNs that projected to the OPN region are illustrated in Fig. 4 . In the example shown in Fig. 4 , B-D, antidromic spikes were evoked at a latency of 0.7 ms by stimulation of the OPN region (site 5) at 50 A (Fig. 4B, 5 ), but not by stimulation of the IBN region (Fig. 4C, 8 -10 ). In this TRN, stimulation of the contralateral rostral SC evoked a depolarization followed by a hyperpolarization (Fig. 4D, 1, middle traces) . To determine whether this depolarization was an EPSP or disinhibition resulting from a decrease in IPSPs, we passed a hyperpolarizing current through FIG. 3. Commissural inputs from the contralateral SC to 4 TRNs located in different rostrocaudal sites in the SC of the same cat. A: experimental setup. Intracellular potentials were recorded from cell bodies indicated as a-d along the horizontal meridian (McIlwain 1986 ). All of these TRNs were antidromically activated from both the OPN and IBN regions (not illustrated). B: properties of commissural inputs from the contralateral SC to TRNs in different rostrocaudal locations in the SC (a-d). Stimulus intensities were 500 A for all traces. In a TRN in the most rostral part of the SC (a), small depolarizations preceded hyperpolarizations, when stimulation was applied to the rostral parts of the contralateral SC (1, 2), whereas only IPSPs were evoked by stimulation of its caudal parts (3, 4). Note that these 4 TRNs received stronger inhibition from the more rostral part of the contralateral SC because the amplitudes and the slopes of the falling phases of the IPSPs were greater. a recording electrode and injected Cl Ϫ into the cell. This reversed the later hyperpolarization to a depolarizing potential without affecting the early depolarization (Fig. 4D, 1 , top traces). Therefore this depolarization was an EPSP and the later hyperpolarization was an IPSP (Coombs et al. 1955; Eccles 1964) . As the stimulation sites moved caudally, EPSPs and IPSPs decreased in amplitude (Fig. 4D, 2-3 ) and only IPSPs were evoked by stimulus site 4 (Fig. 4D, 4) . The EPSPs were considered to be monosynaptic because their latencies were 0.8 -1.1 ms. The latencies of the IPSPs were 1.2 (site 1), 1.7 (site 2), 1.9 (site 3), and 1.8 ms (site 4). Judging from the latencies of antidromic spikes in presumed inhibitory commissural neurons (see Tectal neurons mediating commissural excitation or inhibition and Fig. 10, C-F) , the IPSPs evoked at site 1 were considered to be monosynaptic and those at site 4 were considered to be disynaptic. Figure 4 , E-G shows another example of a TRN projecting to the OPN region. In this tectal neuron, antidromic spikes were not evoked by stimulation of the IBN region at 500 A (Fig. 4F) . However, partial spikes evoked at latencies of 1.2 and 1.0 ms by stimulation at sites 5 and 7 in the OPN region, respectively (Fig. 4E) , were judged to be antidromic because they were evoked at constant latencies in an all-or-none manner at threshold. Similar antidromic spikes were also evoked by stimulation of site 2 in the contralateral SC (Fig. 4G, 2) . Therefore we considered this neuron to be a TRN terminating in the OPN region with a commissural axon. Stimulation of the three rostral sites of the contralateral SC evoked small depolarizations followed by large IPSPs (Fig. 4G, 1-3 ) and stimulation of its most caudal part evoked only large IPSPs (Fig. 4G,  4 ) at 500 A. Sharp spikelike depolarizations such as those in Fig. 4E , 5 and 7 also appeared in Fig. 4G , 1 and 2. Sharp spikes in Fig. 4G , 2 were judged to be antidromic because they were evoked at constant latencies in an all-or-none manner at threshold. However, sharp depolarizations in Fig. 4G, 1 were not antidromic spikes for the following reason. As stimulus intensities were decreased at sites 1 and 2 (top traces in Fig. 4G, 1 and 2), the IPSPs became smaller, and as a result, it became clear that these sharp potentials were attributed to the curtailment of EPSPs by the large IPSPs. The latencies of the EPSPs were very short (Ͻ1.0 ms) and therefore monosynaptic (Coombs et al. 1955; Eccles 1964) . The latencies of the IPSPs ranged from 1.0 to 1.4 ms and were most probably monosynaptic (see DISCUSSION) . As the SC stimulation sites moved more caudally, the EPSP amplitude decreased, but the IPSPs did not change so much. These results indicate that a TRN terminating in the OPN region received excitation from the rostral part of the contralateral SC and inhibition from all rostrocaudal sites within the contralateral SC. In this TRN, inhibition was also caused by stimulation of the contralateral IBN region at latencies of 1.6 -1.8 ms (Fig. 4F, 8 -10 ). This inhibition was most likely disynaptic because latencies of antidromic spikes in TRNs projecting to the IBN region were 0.5-1.7 ms (see Fig. 5, Ab and Gb) .
In summary, we analyzed 13 TRNs projecting to the contralateral OPN region. The latencies of EPSPs and IPSPs evoked by stimulation of the contralateral SC ranged from 0.7 to 1.3 ms (mean Ϯ SD, 0.9 Ϯ 0.2 ms, n ϭ 22) (Fig. 5E ) and Ϫ into the cell reversed the hyperpolarizations (middle traces) to depolarizing potentials (top traces), but did not change the polarity of the early depolarizations. E-G: typical commissural inputs to another TRN projecting to the OPN region. E and F: antidromic spikes evoked at different latencies (1.2 and 1.0 ms) by stimulation of the 2 sites in the OPN region (5, 7), respectively, but not of the 3 sites in the IBN region (8 -10). Note that a comparison of the top (after Cl Ϫ injection into the cell) and middle traces (before Cl Ϫ injection) in E indicates deterioration of the partial antidromic spikes evoked at sites 5 and 7 and reversed IPSPs after Cl Ϫ injection. Similarly, this TRN was also antidromically activated from the rostral site (site 2) of the contralateral SC (G2, middle traces). G: properties of synaptic inputs from the contralateral SC (1-4) to the same TRN as in E and F. Stimulus intensities, 500 A for all traces, but for the top traces in G1 and G2 where weak stimulation (200 A) was applied. 0.9 to 2.0 ms (1.4 Ϯ 0.3 ms, n ϭ 37) (Fig. 5F ), respectively. All of these TRNs received monosynaptic excitation from the rostral sites and mono-or disynaptic inhibition from all rostrocaudal levels of the contralateral SC. Both the excitation and the inhibition were generally stronger from the more rostral SC. Furthermore, most of these TRNs were disynaptically inhibited by stimulation of the contralateral IBN region. The latencies of antidromic spikes evoked by stimulation of the OPN region were often longer in most OPN-projecting TRNs (Fig. 5Da ) than in IBN-projecting TRNs (Fig. 5Ga) , suggesting that tectoreticular axons terminating in the OPN region, and probably their cell bodies, are smaller than those terminating in the IBN region. This suggestion was partly supported by the experience that intracellular recording from OPN-projecting TRNs was more difficult than recording from IBN-projecting TRNs.
While analyzing commissural inputs to TRNs projecting to the IBN region, we found that many TRNs in the rostral SC received commissural excitation from the contralateral SC making them different from TRNs in the caudal SC. Figure 6 shows an example of a rostral TRN projecting to the IBN region. This tectal neuron penetrated in the rostral one-fourth of the SC was antidromically activated from the OPN (Fig. 6B , 5) and IBN regions (Fig. 6B, 10) . Stimulation of the most rostral part of the contralateral SC evoked depolarizations with occasional spikes, which were followed by large hyperpolarizations (Fig. 6C, 1) . Stimulation of the more caudal SC evoked only hyperpolarizations (Fig. 6C, 2 and 3 ) but stimulation of the most caudal SC evoked very small depolarizations followed by hyperpolarizations (Fig. 6C, 4) . At a weaker stimulus intensity (Fig. 6D, middle traces) , a similar response pattern was observed in the same TRN. To determine the synaptic nature of the depolarizations and hyperpolarizations, Cl Ϫ was injected into the cell (Fig. 6D, top traces) . With this procedure, the hyperpolarizations were reversed to depolarizing potentials, but the depolarizations were not affected so much, indicating that the hyperpolarizations were IPSPs and the depolarizations were EPSPs (Coombs et al. 1955; Eccles 1964) . These temporal and spatial features of synaptic inputs from the different rostrocaudal levels of the contralateral SC to a rostral TRN projecting to the IBN region were very similar to those observed in rostral TRNs projecting to the OPN region, but were different from those observed in caudal TRNs projecting to the IBN region in that caudal TRNs mainly received commissural inhibition without commissural excitation. Figure 7 shows a typical example of the effects of stimulus intensity on commissural inputs to a rostral TRN projecting to the IBN region. Antidromic spikes were evoked by stimulation of the OPN (Fig. 7A, 7 ) and IBN regions (Fig. 7A, 8) , and this TRN was considered to project to the IBN region. In this TRN, stimulation of the rostral SC (sites 1 and 2) evoked orthodromic spikes and large hyperpolarizations following the spikes (Fig. 7Ba, 1 and 2 ) at 500 A. These hyperpolarizations included IPSPs in addition to spike afterhyperpolarizations because these hyperpolarizations became smaller as the stimulus intensities at site 1 decreased from 500 to 100 A ( Fig. 1A . Total number of antidromic latencies exceeds the total number of TRNs tested because all latencies were included when a TRN was activated from more than one site in the OPN or IBN region. Total number of PSP latencies falls below the total number of TRNs tested because some latencies could not be determined as a result of the appearance of spikes, masking IPSPs due to Cl Ϫ leak from the pipette or the difficulty in reversing IPSPs by Cl Ϫ injection.
7B, 1, a-d).
EPSPs evoked at 100 A were still large enough to generate spikes (Fig. 7Bd) . The latencies of the evoked spikes increased, as the stimulus intensities decreased (Fig. 7B,  1, a-d) , and at 50 A, only EPSPs followed by very small IPSPs were present (Fig. 7B, 1, e) . Similarly, at stimulation site 2, spike latencies were longer, and only EPSPs followed by IPSPs were evoked as stimulus intensities decreased ( only small EPSPs without spikes, which were followed by IPSPs (Fig. 7B, 3 and 4) . As the stimulus sites were shifted more caudally at each stimulus intensity, the amplitudes of the EPSPs decreased, but the amplitudes of the IPSPs did not seem to decrease.
In summary, we examined the properties of commissural inputs to 31 rostral TRNs that projected to the IBN region (Fig.  5) . Almost all of them were located in the rostral one-fourth of the SC and received commissural excitation from the most rostral SC and commissural inhibition from most levels of the contralateral SC. The latencies of EPSPs were 0.7-1.4 ms (1.0 Ϯ 0.2 ms, n ϭ 76) (Fig. 5H) and those of IPSPs were 0.8 -1.9 ms (1.4 Ϯ 0.3 ms, n ϭ 82) (Fig. 5I) . Considering the latencies of antidromic spikes of putative excitatory commissural neurons (see Tectal neurons mediating commissural excitation or inhibition) (0.3-1.2 ms, 0.5 Ϯ 0.2 ms, n ϭ 39) (Fig.  10G) , these EPSPs were considered to be monosynaptic. Similarly, most IPSPs were considered to be monosynaptic, but those evoked by caudal SC stimulation might also contain disynaptic IPSPs. It is noteworthy that this commissural excitation, especially from the most rostral SC, was strong enough to generate spikes in rostral TRNs.
Commissural excitation of TRNs that projected to the FFH
To better understand the functional role of commissural excitation in rostral TRNs projecting to the OPN or IBN region, we examined whether these TRNs also projected to the FFH. In this experiment, a stimulating electrode was placed in the FFH on each side and four stimulating electrodes were placed in the SC on each side. Intraaxonal recordings were made from axons of TRNs in either the OPN or IBN region (Fig. 8) . The records in Fig. 8, A and B show an example of intraaxonal spikes recorded in the left IBN region. Stimulation of the right rostral SC (sites 5 and 6) evoked direct spikes at 500 A (Fig. 8B, 5 and 6, top traces) and indirect or synaptically activated spikes at lower stimulus intensities (Fig. 8B, 5  and 6, bottom traces) . Stimulation of the right caudal SC (sites 7 and 8) evoked only indirect spikes (Fig. 8B, 7 and 8) in this TRN. Therefore this axon was considered to arise from a TRN in the rostral SC. The same TRN was antidromically activated from the right FFH (Fig. 8B, i-FFH) , but not from the left FFH (Fig. 8B, c-FFH) . The effects of stimulation of the contralateral SC on this TRN were examined by stimulating four rostrocaudal sites in the left SC (Fig. 8B, 1-4) . This TRN was directly activated from site 2 and synaptically from site 1, but not activated from sites 3 or 4. Accordingly, this TRN with commissural excitation was considered to be located in the right rostral SC and to project to the right FFH and the left SC and IBN region, as shown schematically in Fig. 8A . Figure 8 , C and D shows another example of intraaxonal spikes recorded in the left OPN region. Stimulation of the rostral sites (sites 5 and 6) of the right SC evoked both direct and/or indirect spikes at near thresholds for the direct spikes (Fig. 8D , 5 and 6), and stimulation of the caudal SC (site 7) evoked only indirect spikes (Fig. 8D, 7) . This neuron was not activated from either FFH (Fig. 8D, c-FFH and i-FFH) , but was synaptically activated from the rostral part of the contralateral SC (Fig. 8D, 1 and 2). Therefore this rostral TRN was considered to receive commissural excitation and was most likely to project to the contralateral OPN region (see DISCUSSION and Fig. 9Ba ). It should also be noted that both TRNs in Fig. 8 were excited FIG. 8. Two types of TRNs that received commissural excitation evoked by stimulation of the contralateral SC. A and B: commissural input to a TRN in the rostral SC that sent its axons to both the contralateral IBN region and the ipsilateral Forel's field H (FFH). A: experimental setup and summary diagram of the neural circuit of the TRN shown in B. Four stimulating electrodes were arranged rostrocaudally in each SC, and a stimulating electrode was placed in each FFH. Intraaxonal spikes were recorded in the left IBN region. B: responses of the TRN evoked by stimulation of the left FFH (c-FFH) and the right FFH (i-FFH), and the left (1-4) and the right SC (5-8). Stimulus intensity for each stimulation site is indicated at the top right in each panel. Double-pulse stimuli at an interval of 1.5 ms were used at stimulation sites of c-FFH, 3, 4, 7, and 8. This TRN that was assumed to be located in the rostral SC on the right was antidromically activated from both the ipsilateral FFH and contralateral SC (site 2). Note that this TRN with commissural excitation from site 1 also sent its axon collateral to the contralateral SC (site 2). This TRN was synaptically activated from all 4 sites in the ipsilateral SC because spike latencies fluctuated near thresholds. C and D: commissural input to a TRN in the rostral SC that projected to the contralateral OPN region. C: experimental setup and summary diagram of the neural circuit about the TRN shown in D. Same experimental setup as in A, but intraaxonal spikes were recorded in the left OPN region. D: responses of the TRN evoked by stimulation of c-FFH, i-FFH, the left SC (1-4), and the right SC (5-8). Double-pulse stimuli were used for stimulation of c-FFH, i-FFH, sites 1-4 and 8. Note that this TRN projecting to the contralateral OPN region was assumed to be in the rostral SC on the right and received commissural excitation from the contralateral rostral SC (sites 1 and 2). This TRN was synaptically activated from adjacent sites in the ipsilateral SC (sites 5-7).
orthodromically from sites adjacent to the presumed locations of their cell bodies in the ipsilateral SC.
Using this approach, we recorded intraaxonal spikes from axons of 25 TRNs in the OPN region (Fig. 9B ) and 20 TRNs in the IBN region (Fig. 9C) . Among such TRNs, commissural influences were found in 11 TRNs (44%) (Fig. 9B, a and c) recorded in the OPN region and four TRNs (20%) (Fig. 9Cc ) recorded in the IBN region. Thirteen of 25 TRNs recorded in the OPN region (52%) had axon collaterals to the ipsilateral FFH (Fig. 9B, c and d) , and five of them sent axon collaterals to and/or received commissural excitation from the contralateral SC and were themselves located in the rostral SC (Fig.  9Bc ) because they were directly activated from site 5. In contrast, the other eight TRNs had no commissural excitation and were considered to be located in the more caudal SC because they were directly activated from more caudal SC sites (Fig. 9Bd) . Of the 12 TRNs that did not project to the FFH (Fig. 9B, a and b) , six were excited commissurally from the contralateral SC and were directly activated from the rostral SC (Fig. 9Ba) , whereas the other six were not excited commissurally and were directly activated from the more caudal SC (Fig.  9Bb) . The commissural excitation of all ten TRNs in Fig. 9B , a and c was from the most rostral SC (site 1) and, in some TRNs, also from the adjacent rostral part (site 2) of the SC. Of the 20 TRNs recorded in the IBN region (Fig. 9C) , 13 (65%) had axon collaterals to the FFH on either the ipsilateral (12 TRNs) or the contralateral side (one TRN) (Fig. 9C, c and d) , and four had axon collaterals to the contralateral SC and/or commissural excitation from the rostral SC. These were located in the rostral SC (Fig. 9Cc) . Comparison of TRNs in Fig.   9 , B and C indicates that most of the axons penetrated in the OPN region (B) originated from cells in the most rostral part of the contralateral SC whose locations were suggested by black dots at site 5, whereas most of the axons penetrated in the IBN region (C) originated from cells in the more caudal SC (see black dots at sites 6 -8). Furthermore, TRNs that received commissural excitation, whether they were recorded in the OPN or the IBN region and whether they projected to the FFH, were located in the most rostral part of the SC (Fig. 9 , Ba, Bc, and Cc). Among the IBN-projecting TRNs without axon collaterals to the FFH (Fig. 9 , Ca and Cb), TRNs that received commissural excitation from the contralateral SC (such as the TRNs in Fig. 9Ba ) did not exist (Fig. 9Ca) . In addition to the commissural excitation, most TRNs in both the rostral and caudal SC were orthodromically excited by stimulation of their adjacent sites in the ipsilateral SC (open circles in sites 5-8). The origin of this ipsilateral excitation will be addressed in the DISCUSSION.
Tectal neurons mediating commissural excitation or inhibition
The experimental results that have been described so far indicate that commissural excitation is exerted on rostral TRNs from the most rostral part of the contralateral SC, whereas commissural inhibition is exerted on TRNs throughout the rostrocaudal extent of the SC from the entire rostrocaudal extent of the contralateral SC. Furthermore, the shortest latency inhibition originates from the most rostral part of the contralateral SC. Based on these findings, we tried to find candidate commissural neurons that mediated either excitation or inhibition from the contralateral rostral SC to TRNs.
We searched for neurons in the left rostral SC that were activated antidromically from the contralateral SC, while stimulating four rostrocaudal sites in the right SC at 500 A (Figs. 10 and 11). Two groups of tectal commissural neurons were identified: neurons with multiple axon collaterals in the contralateral SC that lacked projections to either the OPN or IBN region (Fig. 10, A and B) , and neurons with an axon collateral limited to the rostral, contralateral SC that also projected to the OPN or IBN region (Fig. 11, A-D) . Figure 10 , A and B shows a typical example of a commissural neuron with multiple axon collaterals in the contralateral SC. This commissural neuron was located in the most rostral SC because extracellular spikes were recorded from a cell body in the most rostral SC. It was activated from all of the four rostrocaudal stimulating sites in the contralateral SC (Fig. 10Ba, 1-4 ). Spikes were evoked at short, fixed latencies of Ͻ1.0 ms, and they followed doublepulse stimulation at intervals of Ͻ1.0 ms (Fig. 10B, 1c and 2c, and 3b and 4b). Therefore these spikes were considered to be antidromically activated from each stimulation site in the contralateral SC. Spike latencies were 0.9 (site 1), 1.0 (site 2), 1.1 (site 3), and 1.3 ms (site 4), suggesting that the commissural axon ran in the rostrocaudal direction in the contralateral SC after crossing the midline at the rostral level of the SC. This neuron was not activated by stimulation of three dorsoventral sites in each of the contralateral OPN and IBN regions at 500 A (not illustrated). Therefore this commissural neuron was considered to be a purely intratectal commissural neuron.
We found 11 such commissural neurons similar to the intratectal neuron with multiple axon collaterals shown in Fig.  10, A and B (Fig. 11H) , and all of them were located in the rostral part of the SC. These neurons were presumed to be inhibitory commissural neurons rather than excitatory commissural neurons because all TRNs found throughout the rostrocaudal levels of the SC were inhibited from the rostral SC and only TRNs in the rostral SC were excited from the rostral SC. Latencies of antidromic spikes in such intratectal commissural neurons evoked at different rostrocaudal SC sites are shown in Fig. 10, C-F . The latencies were shorter at the more rostral sites. Figure 11 , A-D shows an example of extracellular records from a commissural neuron of the second type. This neuron was also located in the most rostral part of the left SC, and was activated from the contralateral SC (Fig. 11B, 2 ) and the contralateral OPN (Fig. 11B, 5 ), but not from the contralateral IBN region (not illustrated). Spikes were evoked in an all-ornone manner at threshold (30 A) (Fig. 11Ca) by stimulation of the contralateral rostral SC (site 2) and followed doublepulse stimuli at an interval of 0.6 ms (Fig. 11Cb) , indicating that these were antidromic spikes. In a similar way, spikes evoked by stimulation of the OPN region were regarded as (1-4) . Each stimulus intensity shown at the top right in each panel was fixed at 1.5 times threshold for spike activation. a: single-pulse stimuli, b, c: double-pulse stimuli at different intervals to examine refractory periods of the cell. Note that spikes followed double-pulse stimuli at intervals of Ͻ1 ms (B1c, B2c, B3b, and B4b) , indicating that these spikes were activated antidromically from these 4 stimulating sites. C-F: latency histograms of antidromic spikes in 11 putative inhibitory commissural neurons evoked by stimulation of the contralateral SC. Eight neurons were activated from all 4 rostrocaudal sites (site 1-4) and 3 neurons were activated from the 3 rostral sites (sites 1-3) . G: latency histogram of antidromic spikes in rostral OPN-projecting and IBN-projecting TRNs with commissural axons evoked by stimulation of the contralateral rostral SC (sites 1 and/or 2). Total number of latencies exceeds the total number of commissural neurons tested (n ϭ 28) because a single neuron was activated from more than one site in the SC. Mean Ϯ SD values are shown for each histogram.
antidromic (Fig. 11C, c and d) . A spike collision test (Fig. 11D ) confirmed that this TRN sent its axons to both the contralateral SC and the contralateral OPN region (Shinoda et al. 1976) . As in this example, commissural neurons of this second type projected to the most rostral sites of the contralateral SC and also projected to the OPN or the IBN region. This second type of commissural neuron that projects to the OPN or IBN region was considered to be excitatory because TRNs that terminated on OPNs and IBNs were excitatory. That is, excitatory commissural neurons were most likely TRNs that had commissural axons.
Commissural neurons of different types are summarized in Fig. 11 , E-H. In this analysis, spikes were recorded intracellularly or extracellularly from cell bodies in the rostral SC. Among 44 rostral commissural neurons that were activated antidromically from the contralateral SC, nine were TRNs that were also activated antidromically from the OPN region but not from the IBN region (Fig. 11E ) and 19 were TRNs that were antidromically activated from both the OPN and IBN regions (Fig. 11F) . The other 16 neurons were not activated from either the OPN or the IBN region (Fig. 11, G and H) . Among them, 11 were antidromically activated from three to four rostrocaudal sites in the contralateral SC (Fig. 11H ) and the other five were activated only from the most rostral one or two sites (Fig. 11G) . The first three groups of commissural neurons (Fig. 11 , E-G) were most likely excitatory because they projected to only the rostral SC, whereas the last group (Fig. 11H ) was most likely inhibitory because they projected to the entire SC and did not project to either the OPN or the IBN region. For intratectal commissural neurons with multiple axon collaterals, the latencies of antidromic spikes evoked by contralateral SC stimulation were longer from the caudal SC (Fig.  10F ) than from the rostral SC (Fig. 10C) . For rostral TRNs with commissural axons, the latencies of antidromic spikes evoked by contralateral SC stimulation ranged from 0.3 to 1.2 ms (0.5 Ϯ 0.2 ms, n ϭ 39) (Fig. 10G) .
Inputs to intratectal commissural neurons with multiple axon collaterals in the contralateral SC
To understand the functional role of commissural inhibition in TRNs, we examined inputs to presumed inhibitory commissural neurons in two ways. First, we searched for commissural axons in the caudal half of the SC, while stimulating the (5) at 500 〈. Note that this neuron was activated antidromically from site 2 in the contralateral SC and the contralateral OPN region (5) but not from 3 dorsoventral stimulation sites in the contralateral IBN region at 500 A (not illustrated). C: antidromic activation of the commissural neuron in an all-or-none manner at thresholds (a and c) from the contralateral SC (site 2) and the OPN region (site 5), and double-shock stimulation of the same sites to determine refractory periods of the cell (b and d). Refractory periods were 0.6 ms for site 2 and 1.0 ms for site 5. D: a spike collision test between SC-evoked and OPN-evoked antidromic spikes. Stimuli for the contralateral SC (site 2) were applied 3.0 ms (a) and 2.9 ms (b) after stimuli for the OPN region (site 5), and 3.0 ms (c) and 2.9 ms (d) before stimuli for the OPN region (site 5). E-H: summary of different types of tectal neurons with a commissural axon projecting to the contralateral SC. Stimulating electrodes were arranged in the same way as in Fig. 1A . E: TRNs projecting to the OPN region. F: TRNs projecting to the IBN region. G: intratectal neurons projecting only to the rostral part of the contralateral SC. These neurons were not antidromically activated from the contralateral OPN and IBN regions. H: intratectal neurons projecting to the rostral and caudal parts of the contralateral SC. Numbers indicate neurons that belong to each type. Note that the commissural neurons in E and F are excitatory and the intratectal commissural neurons in H are most likely inhibitory (see the text for more details).
contralateral rostral SC (Fig. 12A) . Stimulation of the most rostral part of the contralateral SC evoked direct spikes at a threshold of 50 A (Fig. 12B, 1, right) , and direct and indirect spikes at 500 A (Fig. 12B, 1, left) . The cell body of this axon was considered to be located near site 1 in the SC because such activation of direct and indirect spikes usually occurs when a cell body and excitatory presynaptic fibers on it are activated near a stimulating electrode (see Sugiuchi et al. 2005 for a more detailed identification method) (Jankowska et al. 1975; Shinoda et al. 1976 Shinoda et al. , 1982 Shinoda et al. , 1987 . This commissural axon did not arise from a TRN because this axon was not antidromically activated from either the OPN or IBN region at 500 〈 (Fig. 12C, 5-10 ). As shown in Fig. 11H , commissural axons projecting to the caudal SC belonged to intratectal neurons (non-TRNs) with multiple axon collaterals. Therefore this commissural axon was most likely an axon of a non-TRN with multiple axon collaterals whose cell body was located in the contralateral rostral SC. Stimulation of the more caudal SC (sites 2 and 3) also evoked direct and indirect spikes (Fig. 12B, 2 and 3 ), but stimulation of the most caudal SC (site 4) evoked only indirect spikes at fluctuating latencies with double-pulse stimuli (Fig. 12B, 4, right) . In short, this neuron located in the rostral SC projected to the caudal part of the contralateral SC and received excitatory inputs from all four rostrocaudal sites of the ipsilateral SC. Similar results were obtained in four other commissural axons recorded in the caudal SC.
To examine the nature of the above ipsilateral excitatory synaptic inputs to a non-TRN with multiple axon collaterals in the contralateral SC, we recorded intracellular potentials from the cell body of such a commissural neuron (Fig. 12, D-G) . The neuron in Fig. 12 , E-G was antidromically activated from all four sites of the contralateral SC (Fig. 12E, 1-4 ), but not from the OPN region (Fig. 12F, 5-7) . However, orthodromic spikes with preceding EPSPs were evoked by stimulation of the OPN (Fig. 12F, 5-7 ) and IBN regions (Fig. 12G, 8 -10) , and clear EPSPs were visible, when spikes were not evoked (Fig. 12F, 5-7) . The latencies of the evoked EPSPs were very short (0.7-0.9 ms), indicating that these EPSPs were evoked monosynaptically from the OPN and IBN regions. Such EPSPs with short latencies were observed in three of the non-TRNs FIG. 12. Excitatory inputs to putative inhibitory intratectal commissural neurons projecting to the contralateral caudal SC. A-C: intraaxonal recording from a commissural axon in the left caudal SC. Cell body of this axon was assumed to be located in the right SC and was not activated from either the OPN or IBN region at 500 A. A: experimental setup and a presumed neural circuit of the intratectal neuron shown in B and C. B: direct and indirect activation of the intratectal axon caused by stimulation of the contralateral SC (1-3) at 500 A (left column), and by stimulation of the same sites at lower stimulus intensities (indicated at the top right of individual traces) (sites 1-3) and double-pulse stimulation of site 4 (right column). C: no responses of the same neuron to stimulation of the right OPN (5-7) and IBN (8 -10) regions at 500 A. D-G: effects of stimulation of the OPN and IBN regions on another intratectal neuron with multiple axon branches in the contralateral SC. D: experimental setup and a presumed neural circuit of the tectal neuron shown in E-G. Intracellular potentials were recorded from a cell body in the most rostral SC on the left. E: antidromic activation of the intratectal neuron from 4 rostrocaudal sites in the contralateral SC (1-4) . F and G: effects of stimulation of the contralateral OPN region (5-7) (F) and IBN region (8 -10) (G) on the same intratectal neuron as in E at 500 A. Note that monosynaptic EPSPs (0.8 -1.2 ms) with orthodromic spikes were induced by stimulation of the OPN and IBN regions.
with multiple commissural collaterals tested. These EPSPs might be explained by monosynaptic excitation caused by recurrent collaterals of TRNs, although we could not exclude the possibility that some afferent fibers passing through or near the OPN or IBN region to the SC might be activated (broken line in Fig. 12D ).
D I S C U S S I O N
The present study revealed that commissural inhibition from the contralateral SC exists in virtually all TRNs in the SC, whereas commissural excitation exists mainly in TRNs in the rostral SC. Furthermore, it showed that commissural excitation was monosynaptically evoked mainly from the rostral SC, whereas commissural inhibition was monosynaptically or disynaptically evoked from the entire rostrocaudal extent of the contralateral SC. Two groups of TRN were found in the rostral SC, both of which received commissural excitation from the contralateral rostral SC. One group of TRNs projected to the contralateral OPN region (Fig. 13Aa) , and the other group projected to the contralateral IBN region (Fig. 13Ab) . This second group of TRNs also projected to the ipsilateral FFH. In contrast, the group of TRNs found at more caudal levels, which projected to the contralateral IBN region, received mainly inhibition from the contralateral SC (HSN and OSN in Fig. 13Bb ). Both populations of commissural neurons, those providing excitatory and inhibitory inputs, were located mainly in the rostral SC. Excitatory commissural axons were presumed to be axon collaterals of TRNs and projected to only the rostral part of the contralateral SC. In contrast, our evidence suggests that inhibitory commissural neurons have multiple axon collaterals and project widely in the contralateral SC.
Commissural excitation and inhibition
The first intracellular analysis of the commissural effects of the SC on TRNs by Maeda et al. (1979) revealed that stimulation of the contralateral SC evoked short-latency inhibition (0.7-1.4 ms, median 1.0 ms) in TRNs. These IPSPs were characterized as monosynaptic because the latencies of antidromic spikes of the commissural neurons in the SC ranged from 0.4 to 1.2 ms (median 0.6 ms). These authors also showed the existence of monosynaptic commissural excitation, although its amplitude was very small. The present study confirmed the presence of short-latency IPSPs and EPSPs. However, it further showed that the commissural excitation was strong enough to evoke spikes in rostral TRNs, and was monosynaptic mainly from the rostral SC. On the other hand, commissural inhibition was monosynaptic from the rostral SC and mono-or disynaptic from its caudal part. Previous anatomical studies showed that there is a connection between the two SCs, and that these commissural neurons are located in the rostral half of the SC (Behan and Kime 1996a; Edwards 1977; Magalhães-Castro et al. 1978; Olivier et al. 1998 ). The present electrophysiological findings are consistent with this anatomical finding in that both excitatory and inhibitory commissural neurons are distributed similarly in the rostral SC (Olivier et al. 2000) . These anatomical studies did not show whether commissural neurons are TRNs. Moschovakis et al. (1988) injected horseradish peroxidase (HRP) into single SC neurons and showed that many saccade-related burst neurons (their T-cells) sent their axons to both the predorsal bundle and the tectal commissure. However, the targets of these TRNs in the brain stem or spinal cord were not determined.
In addition to the above anatomical evidence, the presence of clear temporal facilitation of the monosynaptic inhibition ensured that tectal commissural neurons are mainly responsible for the commissural inhibition. However, some portion of this inhibition may be caused by extratectal fibers stimulated in the SC. The substantia nigra projects extensively to the ipsilateral SC with little contralateral projection (Beckstead et al. 1981; Harting et al. 1988 ) and this projection is GABAergic (Chevalier et al. 1981; Di Chiara 1979; Karabelas and Moschovakis 1985; Vincent et al. 1978) . The ipsilateral projection is localized (Hikosaka and Wurtz 1983; Jiang et al. 2003) , whereas the contralateral projection is mediated by the collicular commissure and seems to be widespread in the SC (Jiang et al. 2003) . Because the contralateral projection is not substantial in the cat (Beckstead et al. 1981) , the involvement of this pathway in the observed commissural inhibition must be negligible in the present experiments. The prepositus hypoglossi nucleus (PH) projects bilaterally to the SCs (Corvisier and Hardy 1991; Edwards et al. 1979; Hartwich-Young et al. 1990; Higo et al. 1992; McCrea and Baker 1985; Stechison et al. 1985) and some of the contralateral projection is widespread and is mediated by the tectal commissure (Corvisier and Hardy 1997) . However, axon terminals of the PH do not appear to terminate on large neurons (most probably TRNs) (Corvisier and Hardy 1997) . Therefore these neurons are not likely to be involved in monosynaptic commissural excitation and inhibition, although the PH contains both excitatory and inhibitory neurons (McCrea 1988) . Moreover, disynaptic nature of the commissural inhibition should not be attributed to the involvement of passing-fiber activation.
In the present experiments, stimulus intensities used for stimulation of the SC with a concentric bipolar electrode were Յ500 A. The estimated effective current spread was about 1.0 mm (Ranck 1975 : Sasaki et al. 1970 , 1972 . Therefore there might be some overlap in the populations of SC neurons activated by adjacent SC electrodes because the intervals between the adjacent electrodes were 1.0 -1.2 mm. However, this overlap was considered to be rather small. For example, stimulation of the most rostral site evoked large EPSPs (Fig.  6C, 1 ), but stimulation of its adjacent site evoked only IPSPs (Fig. 6C, 2) . Therefore although there may be some overlap between the populations of SC neurons activated, it is reasonable to conclude that each response represents the population effect around a stimulating electrode.
Inhibitory and excitatory commissural neurons
Strong commissural excitation from the contralateral SC was mainly observed in TRNs located in the rostral one-fourth of the SC, although a small EPSP was sometimes observed to precede the commissural IPSP in more caudal TRNs. The latencies of EPSPs in rostral TRNs ranged from 0.7 to 1.4 ms (Fig. 5, E and H) and they were considered to be mainly monosynaptic. The effective stimulus sites for evoking monosynaptic commissural excitation were localized to the rostral half, especially to the rostral one-fourth, of the SC, and the amplitudes of the EPSPs abruptly decreased as the stimulus sites shifted more caudally. Generally, the most caudal stimulus site was not effective. On the other hand, commissural inhibition of TRNs was caused from the entire rostrocaudal extent of the contralateral SC, monosynaptically from the most rostral SC and mono-or disynaptically from the most caudal SC. TRNs located in either the rostral or the caudal part of the SC received monosynaptic inhibition from the rostral SC, suggesting that inhibitory commissural neurons located mainly in the rostral SC might have multiple axon collaterals and inhibit TRNs in the entire contralateral SC. This suggestion was partly supported by our examination of antidromic activation of intratectal neurons from the contralateral SC. A population of intratectal neurons was observed that could be driven antidromically from both the rostral and caudal SC.
In this study, we found four types of commissural neurons in the SC (Fig. 11, E-H) . Commissural neurons that sent their axons only to the rostral part of the contralateral SC (Fig. 11 , E and F) were almost always TRNs that sent their other axons to either the OPN (Fig. 11E) (cFN in Fig. 13Aa ) or IBN region (Fig. 11F) (cVSN in Fig. 13Ab ). These commissural neurons were considered to be excitatory because TRNs terminating on OPNs (Paré and Guitton 1994; Takahashi et al. 2005) and IBNs (Chimoto et al. 1996; Sugiuchi et al. 2005 ) are excitatory. A small population of purely intratectal neurons appeared to project exclusively to the rostral SC (Fig. 11G) . On the other hand, most purely intratectal commissural neurons sent multiple axon collaterals throughout the rostrocaudal extent of the contralateral SC (cIN in Fig. 13B ). These neurons were not activated from the OPN or the IBN region (Fig. 11H) and are considered to be inhibitory (see RESULTS, Tectal neurons mediating commissural excitation or inhibition). One of the questions that have not been solved to date is whether commissural neurons send axons to the caudal part of the contralateral SC. Most studies have not localized a tracer injection in the caudal SC for retrograde labeling of commissural neurons (Edwards 1977; Magalhães-Castro et al. 1978) . We injected a tracer into a localized area of the caudal part of the SC and retrogradely labeled neurons in the rostral part of the contralateral SC (unpublished observation), which anatomically supports the notion that rostral commissural neurons may send their axon collaterals to the contralateral caudal SC. The commissural connection between the caudal SCs was observed in the anterograde experiments of Behan and Kime (1996a) , but few cells were seen caudally by Olivier et al. (2000) .
There are two possible sources for disynaptic inhibition evoked from the contralateral caudal SC: the inhibitory interneurons may be located in the opposite SC or in the same SC relative to inhibited TRNs. The former possibility was confirmed in Fig. 12 because putative inhibitory commissural neurons in the rostral SC were synaptically activated from the caudal SC (Fig. 12B, 2-4, right) . The latter possibility is highly unlikely because the commissural connections between the caudal SCs were almost negligible (Edwards 1977; Olivier et al. 2000) .
Among TRNs with axons penetrated in the IBN region (Fig.  9C ), there were two groups: those with axon collaterals to the FFH (Fig. 9C, c and d) and those without axon collaterals to the FFH (Fig. 9Cb) . The latter TRNs, which were located more caudally in the SC, did not receive commissural excitation, and presumably are involved in the generation of horizontal saccades (HSN in Fig. 13Bb ). In contrast, TRNs projecting to both the IBN region and the FFH (Fig. 9C, c and d) are most likely related to oblique saccades (OSN in Fig. 13Bb ). Among them, TRNs with commissural excitation (Fig. 9Cc) were located in the rostral SC where the vertical meridian of the motor map for saccades is represented (cVSN in Fig. 13 , Ab and Bb). The comparison of TRNs with axons penetrated in the OPN (Fig. 9B ) and IBN regions (Fig. 9C) indicates that TRNs that received commissural excitation but lacked FFH collaterals were found in the former group (Fig. 9Ba) , but not in the latter group (Fig. 9Ca) . These TRNs in the former group (Fig. 9Ba ) that were located in the most rostral SC (site 5) were therefore most likely fixation neurons terminating in the OPN region, whereas the TRNs in the latter group were most likely saccade neurons related to horizontal saccades. TRN axons penetrated in the OPN region contained populations terminating in the OPN and the IBN regions. TRNs in Fig. 9 , Bc and Cc may constitute a single class and those in Fig. 9 , Bd and Cd another class.
IBN-projecting TRNs with commissural excitation
As mentioned above, TRNs with commissural excitation were classified into two groups: IBN-projecting TRNs and OPN-projecting TRNs. We will discuss the functional roles of these two groups in this and the next section, respectively. The present study indicated that TRNs in the rostral SC displaying commissural excitation projected to both the IBN region (probably also the EBN region) and the FFH. Our previous studies showed that OPNs receive monosynaptic excitation from the rostral pole of the SC , whereas IBNs receive monosynaptic excitation from the more caudal part of the SC . These findings indicate that the rostral TRNs that project to the IBN region are not likely fixation neurons, but are more likely related to the generation of saccades. Because rostral TRNs with commissural excitation in the two SCs mutually activate each other and often project to the ipsilateral FFH, these TRNs are most likely related to vertical saccades. This interpretation is compatible with the anatomical finding that 92% of commissural neurons were reported to be located in the rostral portion of the SC, in the region between the collicular rostral tip and the plane corresponding to the vertical meridian (Magalhães-Castro et al. 1978) , although recent data showed the more caudal distribution of commissural neurons (Olivier et al. 2000) . Furthermore, TRNs in the lateral and medial part of the rostral SC probably make excitatory connections with TRNs in the lateral and medial part of the contralateral rostral SC, respectively. Such point-to-point organization existed only between the lateral parts of the two SCs, but not between the medial parts (Edwards 1977) . More detailed information on the nature of these point-to-point connections between the bilateral SCs is needed.
The SC neurons located in the most rostral part of the SC lie on or near the representation of the vertical meridian of the motor map (Guitton et al. 1980; McIlwein 1986; Robinson 1972; Sparks and Mays 1983; Stanford et al. 1996) . Little is known about neural connections between the SC and vertical ocular motor neurons. Since single-unit recording study of single fibers in the trochlear nerve was reported in the trained monkey (Fuchs and Luschei 1971) , the activity of vertical ocular motoneurons has not been systematically analyzed in relation to different directions of saccades in trained alert animals. For example, it is not known whether neurons in the two SCs fire simultaneously for vertical eye movements. The question is whether the SC on one side controls both vertical eye movements with contra-and ipsilateral horizontal components or it controls vertical eye movements with only a contralateral horizontal component. In the latter case, simultaneous bilateral activation of the SCs must occur during pure vertical saccades. Rostral TRNs projecting to the FFH in the two SCs that were found in the present study may serve to produce pure vertical saccades by commissurally exciting each other (Fig.  13Ab) . In the former case, the SC on one side must exert excitatory influences on homologous vertical motoneurons on both sides; i.e., ocular motor neurons innervating a particular vertical eye muscle must receive convergent inputs from both SCs. The finding that the SC projects bilaterally to the FFH with an ipsilateral dominance (Graham 1977; Harting 1980; Wang and Spencer 1996) may support this possibility. Because the question of whether SC neurons on one side are active for oblique saccades directed to the ipsilateral side has not been systematically examined, further analysis of the direction tuning of SC saccade neurons is needed to understand the functional role of these rostral TRNs with commissural excitation.
OPN-projecting TRNs with commissural excitation
In addition to rostral TRNs that project to the IBN region, TRNs that project to the OPN region received monosynaptic excitation from the rostral part of the contralateral SC. Some of these cells also have a commissural axon projecting to the same site in the contralateral SC, suggesting that these rostral TRNs mutually excite each other by their commissural collaterals (Fig. 13Aa) . Because OPN-projecting TRNs do not project to the FFH, they are not saccade neurons. Instead they are likely to be fixation neurons. Munoz and Istvan (1998) showed that fixation neurons in the rostral SC are antidromically activated from the contralateral SC in the monkey. During visual fixation, fixation neurons in the FEF and the parietal cortex fire tonically (Bizzi 1968; Bruce and Goldberg 1985; Suzuki and Azuma 1977) , and may activate fixation neurons in the ipsilateral rostral SC (Sommer and Wurtz 2000) . These fixation neurons project to the OPN region (Büttner-Ennever et al. 1999; Gandhi and Keller 1997) and terminate there on omnipause neurons that project to paramedian pontomedullary reticular formation (IBN region) (Strassman et al. 1987; Sugiuchi et al. 2005; Takahashi et al. 2005 ) and paramedian pontine reticular formation (PPRF) (EBN region) (Nakao et al. 1980; Strassman et al. 1987) . Because tectal fixation neurons on both sides converge onto single OPNs , these neurons may mutually excite each other through tectotectal connections and reinforce the bilateral suppression of saccade generation by OPNs during visual fixation.
Functional role of tectal inhibition
OPN-projecting TRNs received disynaptic inhibition evoked by stimulation of the IBN region (Fig. 4F ). This disynaptic inhibition may be attributable to antidromic activation of TRNs whose main axons pass the stimulation site in the IBN region and whose recurrent collaterals terminate on inhibitory interneurons within the SC (Fig. 13Aa) . This circuitry may normally function to suppress the activity of fixation neurons in the rostral SC. As a consequence, the OPNs, which are tonically activated by such fixation neurons during fixation, would be disfacilitated during saccades. The identification of ipsilaterally projecting inhibitory interneurons terminating on OPNprojecting TRNs (iIN in Fig. 13Aa ) remains to be determined (Behan and Appell 1992; Behan and Kime 1996b). However, there are a variety of GABAergic interneurons reported in the SC (Mize 1988; Okada 1992; Saito and Isa 1999) .
Putative inhibitory commissural neurons with multiple collaterals in the contralateral SC received monosynaptic excitation from the IBN region (Fig. 12, D and G) . It is known that TRNs have recurrent collaterals in the SC (Moschovakis and Karabelas 1985; Moschovakis et al. 1988 ). Therefore it is most likely that the monosynaptic excitation seen in such commissural neurons arose from antidromic activation of the recurrent collaterals of TRNs (Fig. 13B) , although afferent fibers to the SC might be activated at the IBN region. At present, the only known afferent fibers to the SC around the IBN region are from prepositus hypoglossi neurons (PHNs) and vestibular nucleus neurons. Some PHNs project to the SC and this projection is bilateral (Corvisier and Hardy 1997; McCrea and Baker 1985) , and therefore this possibility may not be excluded. Because the excitation from the vestibular nucleus is disynaptic to TRNs (Maeda et al. 1978) , the vestibular nucleus is not likely to be responsible for this effect. At present, the most likely explanation is that monosynaptic excitation of putative inhibitory commissural neurons evoked by stimulation of the IBN region is caused by recurrent collaterals of TRNs. Before the onset of saccades, saccade neurons in the SC start firing, and saccade command signals are sent to the PPRF for contralateral saccades. Based on our present findings, we posit that at the same time, these signals activate inhibitory commissural neurons in the same SC. These inhibit TRNs throughout the contralateral SC (Fig. 13B) . As a result, during the saccades to the contralateral side, saccade-related TRNs in the contralateral SC are inhibited, so that the generation of saccades to the ipsilateral side will be suppressed.
Assuming that inhibitory commissural neurons inhibit both OPN-projecting (Fig. 13Ba) and IBN-projecting TRNs (Fig.  13Bb) in the contralateral SC, this inhibition in the SC may provoke a kind of reciprocal inhibition of horizontal saccadic eye movement. Recently, we found that there is a suppression area in the frontal eye field (FEF) of the monkey, stimulation of which inhibits the generation of saccades ipsilateral to the stimulation side (Izawa et al. 2004 ). This suppression most probably occurs at the level of the SC and/or the PPRF (Izawa et al. 2004) . From the present work it appears that inhibitory commissural neurons in the SC may be a good candidate to explain FEF suppression of ipsiversive saccades. There are two possible connections from the FEF to the inhibitory commissural neurons in the ipsilateral SC. Neurons in the FEF are known to terminate in the SC (Künzle and Akert 1977; McHaffie et al. 2001; Miyashita and Tamai 1989) , and the rostral SC receives input from the FEF (Segraves and Goldberg 1987) . Therefore it is highly likely that inhibitory commissural neurons in the rostral SC receive direct input from the FEF. On the other hand, inhibitory commissural neurons may receive indirect inputs from movement neurons in the FEF. The present results suggest this possibility because inhibitory commissural neurons received recurrent excitation from TRNs (most likely saccade neurons) in the more caudal part of the ipsilateral SC (Figs. 12, F and G and 13Bb) . When saccades occur, saccade neurons in the SC may excite inhibitory commissural neurons in the rostral SC by their recurrent collaterals. Those commissural cells would in turn inhibit TRNs on the contralateral side and suppress saccades to the ipsilateral side.
The present result also showed that fixation neurons in the SC receive commissural inhibition from the opposite SC (Fig.  13Ba) . The functional role of this commissural inhibition of fixation neurons by the opposite SC may be as follows. Presumably the tonic activity of fixation neurons in the SCs on both sides needs to be ceased to allow saccades because their projections converge on single OPNs . Before gaze changes, saccade neurons in the SC fire to generate saccades to the contralateral side, and at the same time activate inhibitory commissural neurons by their recurrent collaterals in the same SC. The widespread projections of commissural neurons include inhibition of fixation neurons in the contralateral SC. As a result, the tonic activity of fixation neurons in the SC is decreased. This decrease in tonic activity is also accelerated by simultaneous disfacilitation because of a decrease in tonic activity in fixation neurons in the FEF on the same side. Therefore OPNs are disfacilitated as the result of a decrease in the tonic activity in their tectal fixation neuron inputs. As a result, EBNs and IBNs on the side contralateral to the activated SC are disinhibited, so that saccades to the contralateral side will be generated in the brain stem. To further understand the functional role of this commissural inhibition between the SCs, an analysis of the exact inputs to such inhibitory commissural neurons from the FEF and other cortical areas and the cerebellum will be required.
